Abstract. Robust design is an important method to reduce the effect of noise factors and unit-to-unit variation in order to improve the product quality and which leads to higher customer satisfaction. The robust design of dynamic system is used to find the optimal control factor settings so that the measured response is closest to the ideal function. In this paper, a mathematical formula based on the quality loss function is derived for optimizing the robust design of unlinearized dynamic system. The example of high-precision positioning device is provided to demonstrate the implementation and effectiveness of the proposed method.
Introduction
The robust design proposed by Taguchi [1] is a structured and engineering approach to determine the "optimal" parameter levels in order to improve the performance of products or processes. The robust design problem is classified as a static system if the desired output of the system has a fixed target and as a dynamic system if the desired output of the system is a function of signal factor settings. The goal in optimization for the dynamic system is to minimize error variance while keeping the response on target.
Several researchers have studied the robust design of linear/nonlinear dynamic systems (see Wasserman [2] ; Miller [3] ; Nair, Taam, and Ye [4] ; Lesperance and Park [5] ; Wu, Chien, and Tsai [6] ; Zang, Friswell, and Mottershead [7] ; Bae and Tsui [8] ; Liu, Fung and Wang [9] ; Wu [10] ). However, these methods are inappropriate when the ideal function of responses cannot be linearized.
In this paper, we derive a mathematical formula based on the quality loss function and propose an optimal procedure that can be applied to a great many nonlinear dynamic systems.
Nonlinear Dynamic System
In a dynamic system, the target of response varies with the control factor settings X=(X1, X2,…, Xq), levels of signal factor M=(M1, M2,…, Mn); and each level of signal factor Mi uses noise factor conditions Z=(Z1, Z2,…, Zr). The ideal target of response y, denotes as T0=(T1, T2,…, Tn), is a function of signal factor settings in the dynamic problem. The traditional procedure is transforming all the signal factors and response values so as to linearize the ideal function, and then applying the zero-point proportional form to optimize such problems. However, there are many nonlinear functions which cannot be linearized without appropriate transformations. The basic strategy in this type of problem is to break it into n static nominal-the-best type problems to achieve ideal nonlinear responses, y=T0(X, M, Z). Hence, the average quality loss for a nonlinear dynamic system is denoted as:
Suppose that the true value of ideal function, T0i(X, M, Z), is unknown when the signal factor Mi and noise factor condition Zj. Let Ti(X, M, Z) be the estimate of T0i(X, M, Z) by minimizing the error variance. The minimization procedure for estimating T0i(X, M, Z) is similar to the least squares method. Hence, equation (1) can be rewritten as
Since a scaling factor existing in the control factors can be used to adjust Ti(X, M, Z) to T0i(X, M, Z) for minimizing the quality loss. The average quality loss after adjustment, La(y), is given by
From the above analysis, we propose a general procedure that can be applied to a great many nonlinear dynamic systems, which is described as follows:
Step 1. Compute the estimate Ti(X, M, Z) of ideal function T0i(X, M, Z) by minimizing the error variance for each experimental combination.
Step 2. Compute the average quality loss after adjustment by equation (3) for each experimental combination.
Step 3. Estimate the factor effects based on the average quality loss after adjustment, and then obtain the optimal control factor settings by choosing the minimum quality loss.
Implementation
Consider the nonlinear dynamic case given in Liu, Fung and Wang [9] . The purpose of the experiment is optimizing control factor settings for a precision positioning device using a hybrid actuator. The positioning device is mainly composed of the actuating part and the driven part. The actuating part includes two masses: a piezoelectric (PZT) actuator and a voice coil motor (VCM) actuator, and the driven part is the target object. Driving voltages of PZT and VCM actuator are chosen as the system's inputs (double-signal system) that largely affect the motion behavior of the positioning device. Three parameters of the waveform type and the waveform width for the PZT actuator and the frictional force of the target object are chosen as control factors. The feasible space for the control factors was defined by varying the waveform type (pulse, quarter-sine, and sawtooth waveforms) and the waveform width (1 ms, 5 ms, and 10 ms) of the PZT actuator, and the frictional force (10 N, 20 N, and 30 N) of the target object.
Liu et al. selected the waveform amplitude of the PZT (M) as the functional signal factor to tune the design's performance onto any desired target and the driving voltage of the VCM (M*) as the process signal factor to modify the linear relationship of the functional signal factor to the response by changing the slope. The noise factor is the waveform amplitude variation of the PZT, and the measured response is the precision positioning response (y, m), which is the step-like motion displacement of the target object. Four levels are taken for the functional signal factor (PZT): M1=10 V, M2=20 V, M3=30 V, and M4=40 V. Three levels are taken for the process signal factor (VCM): (4) and the observed data based on the L9 orthogonal array are listed in Table 1 . Using the proposed optimization procedure, the estimates a and b of the allometry coefficient a0 and b0, minimum error variance and average quality loss after adjustment for each experimental combination are tabulated in Table 2 . From Table 2 , we can estimate the factor effects as shown in Table 3 and then obtain the optimal control factor settings are A2B2C1 by choosing the minimum quality loss.
The nonlinear ideal function, equation (4) , can be transformed into a linearized function and Liu et al. used the transformed data to analyze this double-signal dynamic system using the zero-point proportional form, and then obtained and confirmed the optimal control factor settings are also A2B2C1. 
Conclusions
This study describes a novel optimization procedure for a dynamic system. When the product has nonlinear ideal function, it is difficult to determine the optimal parameter conditions if there is no appropriate transformation to linearize the ideal function. To optimize the nonlinear dynamic system when the true values of ideal function's parameters are unknown, the dynamic system can be regarded as a system having multiple static targets which vary their signal values. We can build the model of average quality loss after adjustment by minimizing the error variance and then the optimal control factor settings are determined by choosing the minimum quality loss. The proposed procedure has been shown to successfully optimize the robust design through a case study.
